The ultrafast decay of the x-ray diffraction intensity following laser excitation of an InSb crystal has been utilized to observe carrier dependent changes in the potential energy surface. For the first time, an abrupt carrier dependent onset for potential energy surface softening and the appearance of accelerated atomic disordering for a very high average carrier density have been observed. Inertial dynamics dominate the early stages of crystal disordering for a wide range of carrier densities between the onset of crystal softening and the appearance of accelerated atomic disordering. DOI: 10.1103/PhysRevLett.98.125501 PACS numbers: 63.20.Kr, 61.10.ÿi, 64.70.Dv, 78.47.+p First-order phase transitions and chemical reactions require crossing a transition state on the potential energy surface (PES). Characterizing the topography of the energy landscape in the vicinity of the transition state represents the key step to understanding the pathway followed during a chemical reaction or first-order phase transition. The experimental and theoretical characterization of these far from equilibrium regions of the PES has proven to be very difficult because of the vanishingly short time spent near the transition state and the multitude of degrees of freedom that influence chemical and physical transformations in the condensed phase. Time-resolved x-ray scattering experiments provide a window for observing the structural dynamics that occur during certain physical transformations. This is achieved by using femtosecond (fs) x-ray pulses to monitor laser initiated dynamics, selectively track the time-dependent evolution of nonequilibrium atomic structures, and extract the shape of a photoinduced PES [1] [2] [3] [4] .
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The ultrafast decay of the x-ray diffraction intensity following laser excitation of an InSb crystal has been utilized to observe carrier dependent changes in the potential energy surface. For the first time, an abrupt carrier dependent onset for potential energy surface softening and the appearance of accelerated atomic disordering for a very high average carrier density have been observed. Inertial dynamics dominate the early stages of crystal disordering for a wide range of carrier densities between the onset of crystal softening and the appearance of accelerated atomic disordering. First-order phase transitions and chemical reactions require crossing a transition state on the potential energy surface (PES). Characterizing the topography of the energy landscape in the vicinity of the transition state represents the key step to understanding the pathway followed during a chemical reaction or first-order phase transition. The experimental and theoretical characterization of these far from equilibrium regions of the PES has proven to be very difficult because of the vanishingly short time spent near the transition state and the multitude of degrees of freedom that influence chemical and physical transformations in the condensed phase. Time-resolved x-ray scattering experiments provide a window for observing the structural dynamics that occur during certain physical transformations. This is achieved by using femtosecond (fs) x-ray pulses to monitor laser initiated dynamics, selectively track the time-dependent evolution of nonequilibrium atomic structures, and extract the shape of a photoinduced PES [1] [2] [3] [4] .
This approach has proven crucial to investigating the influence of carrier excitation on the stability of tetrahedrally bonded semiconductors. Theoretical, experimental, and simulation studies of these systems indicate that extreme carrier densities destabilize the crystal structure and lead to nonthermal melting [3, [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] . Theoretical studies predict a rapid reduction in the shear restoring force when the excited carrier density exceeds a few percent of the valence band electron density [5] [6] [7] . A further doubling of the carrier density eliminates the shear restoring force, transforms the room temperature potential energy minimum into a saddle point, and leads to accelerated atomic disordering.
The initial ultrafast x-ray diffraction studies of laserexcited InSb at the Sub-Picosecond Pulse Source (SPPS) determined that inertial atomic displacements on a lasersoftened potential energy surface dominate the response to intense optical excitation during the first 500 fs for a range of laser fluences [3] . This predominance of inertial dynamics in a wide fluence range had not been predicted by either theory or simulation. While the studies of Lindenberg et al. [3] and Gaffney et al. [15] covered the mean carrier density range over which theory predicted crystal stability to rapidly change, they did not observe a rapid onset of lattice softening or evidence of accelerated crystal disordering. By quadrupling the carrier density range previously investigated, the present study has confirmed the rapid onset of lattice softening as a function of carrier density and the appearance of accelerated crystal disordering.
The x rays at SPPS are produced using compressed electron bunches accelerated by the SLAC linear accelerator which results in 2 10 6 photons in an 80 fs FWHM pulse at 8.9 keV with a 1.5% bandwidth into a 200 by 400 m spot [18] . The laser pulse used to pump the sample starts in a Ti:sapphire oscillator phase locked to a submultiple of the rf driving the linac. The laser output is centered at 800 nm and goes through two stages of amplification, resulting in 20 mJ=pulse in 50 fs at the sample, which when convolved with the x-ray pulse yields a Gaussian cross correlation of 100 fs FWHM. The instrument response is 180 fs FWHM once the x-ray image resolution is taken into consideration. Experiments were performed using a noncollinear geometry, as has been described previously [3, 15] in order to overcome the instrinsic jitter in electron bunch time of arrival [19] . An InSb wafer asymmetrically cut at 25 with respect to the (111) vector allowed the x rays to be at grazing incidence with the laser incident at an angle of 25 . The noncollinear geometry creates a difference in time of arrival between the laser pump and x-ray probe, thereby mapping the time axis onto the spatial extent of the crystal. With the specific angles of incidence used, the length of the x-ray spot across the InSb wafer corresponds to a time sweep of 8 ps.
In order to study a broad range of mean carrier densities, we varied the laser fluence from 37 to 180 mJ cm ÿ2 and probed the excited crystal with two different x-ray incidence angles. At 0.4 incidence angle, 95% of the diffracted x rays probe a depth of 140 nm, whereas 0.3 incidence reduces the penetration depth to 50 nm, thereby probing a more highly excited region of the sample [20] . Regardless of the specific angle used, the measured diffraction signal represents an average over the energy deposition profile, which is a function of the optical penetration depth. Hence, the 0. 4 probe angle measures the signal from the region probed at 0.3 as well as signal from deeper penetration, leading to a lower mean carrier density.
Prior investigations by Lindenberg et al. and Gaffney et al. have demonstrated that the time-dependent decay of the diffraction intensity results from a time-dependent mean-square displacement (msd), hu 2 ti, within a timedependent Debye-Waller model [3, 15] . This model gives a time-dependent diffraction intensity, IQ; t, equal to
where Q is the Bragg peak reciprocal lattice vector. We have used the Debye model for the crystal vibrations in the high temperature limit to calculate hu 2 ti in an attempt to understand the interplay of the excited state potential energy surface and the time-dependent diffraction intensity. Laser excitation is treated as a uniform softening of the Debye phonon distribution,
, where ! i represents the initial, unperturbed phonon frequencies and ! f represents the phonon frequencies after impulsive softening. This model does not account for anharmonicities or atomic collisions and assumes the mean atomic positions remain at the equilibria positions of the zinc blende lattice, while the width of the msd increases for 2 < 1. In this limit,
where ! D is the Debye frequency. In order to model the diffracted intensity, this expression for hu 2 ti is substituted into Eq. (1). The model describes the average dynamics of atoms that result from an isotropic and uniform ultrafastlaser modification of the potential energy surface. This time-dependent Debye-Waller model provides context for understanding the experimental results presented in Fig. 1 . For the range of lattice softening where inertial dynamics provide the predominant mechanism of disordering, the model delineated above reduces to a Gaussian for the first 0.5 ps. This simplification of the model has been used in fitting the signals measured with a 0. 4 probe as was done previously by Lindenberg et al. [3] . In order to account for atomic diffusion occurring after the onset of inertial dynamics, a normalized sum of a Gaussian and an exponential provides the best agreement with the data [15] . A Gaussian decay with a time constant of 400 fs dominated the initial decay in prior measurements and was attributed to inertial disordering [3] . In the harmonic approximation, inertial disordering occurs at a rate dictated by the average thermal velocity, hv ÿ2 results in a Gaussian decay with a 450 50 fs time constant. For all laser fluences of 44 mJ cm ÿ2 or more probed at 0.4 , the Gaussian time constant is within the 95% confidence limit of the 400 fs decay predicted for inertial dynamics. The data at lowest fluence shows a strong deviation from the trend given by the other data points which all show significant Gaussian components. This deviation reflects the apparent absence of an inertial component in the disordering, as shown in Fig. 1(a) . The observation of the decay in diffracted intensity with and without inertial contributions over a narrow laser fluence range provides direct evidence for a sharp onset of lattice softening as a function of carrier density, similar to that predicted by theory. In the absence of lattice softening, decay in the diffraction intensity is attributed to a rise in the msd following the transfer of energy from the electrons to the lattice vibrations, with an expected rate of a few ps [21] .
In order to probe an even higher carrier density regime, the x-ray incidence angle was reduced to 0.3 while exciting with a fluence of 160 mJ cm ÿ2 . The resulting signal shows dynamics significantly faster than the predomi-nantly inertial dynamics observed with a 0.4
x-ray incidence angle at comparable and higher fluence. Because of the deviation from inertial dynamics, the full model as detailed in Eq. (2) data with this model results in a carrier-induced lattice destabilization characterized by ! D 0:6i 0:1i THz which suggests the existence of a carrier generated inversion of the potential energy surface. Given the prior observation of anisotropy in the atomic dynamics [15] , the onsets for carrierinduced softening and accelerated disordering observed in the h111i direction need not be the same in other crystallographic directions. Figure 2 displays the x-ray diffraction decay dynamics for three different cases of lattice softening as predicted by this model. The inset shows the predicted time for the diffraction intensity to drop to 1=e for this model as a function of ! D . Disordering dynamics appear inertial in time for a range of crystal softening during the first 0.5 ps or more. For time delays much longer that 0.5 ps, atomic collisions and the onset of diffusion will cause the observed dynamics to deviate significantly from those predicted for a softened, harmonic crystal, limiting the applicability of this model to the early time dynamics.
In order to compare the experimental fluence dependence of the disordering rate to theory and simulation, the carrier density must be estimated. A variety of factors influence the time-dependent carrier density profile, including the linear and nonlinear absorption cross-sections, ambipolar diffusion, Auger recombination, and impact ionization. Since the rate of these processes are not known in the presence of a dense electron-hole plasma, only a coarse estimate of the carrier density is possible. The parameters of Rousse et al. have been used to determine the laser absorption profile [14] . This profile is then used to calculate the average deposited laser energy density between the surface and the depth at which the x-ray intensity has been attenuated to 5% of the incident intensity. An approximation to the calculated InSb density of states is utilized to determine the carrier temperature and density needed to support the average absorbed laser energy density within the x-ray probing depth [22, 23] . The average absorbed laser energy density is a function of excitation fluence and probe depth. This model is consistent with the expected fast electronic equilibration [24] and compara- x-ray angle of incidence and 180 mJ cm ÿ2 laser fluence (5) and accelerated atomic disordering with 0.3 x-ray angle of incidence and 160 mJ cm ÿ2 laser fluence (). The 0.4 data are shown with a fits to the normalized sum of a Gaussian and exponential, while the 0.3 data is shown with a fit to the accelerated dynamics model, both of which are described in the text. Inset displays the msd for the data and fits as extracted from Eq. (1) as ut ÿ
tively slow rate of phonon emission [21] and ambipolar diffusion in a dense plasma [25] . In order to compare disordering time scales, the time required for the diffraction intensity to drop to 1=e of its original value ( 1=e ) is used. Figure 3 presents the 1=e times for various carrier densities as extracted from fits to the data using the phenomenological sum of a Gaussian and exponential. Below 5% excited carriers, electronic relaxation via phonon emission is the cause of lattice disordering, rather than direct modification of the potential energy surface. As more carriers are excited from the valence to conduction band, an inertial contribution dominates on early time scales, resulting from motion on a lasersoftened potential energy surface. For a carrier density above 20%, disordering occurs too fast to be accounted for by inertial motion, consistent with a carrier driven lattice instability and a repulsive potential. The abrupt onset of potential softening and the appearance of a repulsive potential energy surface at high carrier densities had been predicted by theory [5] [6] [7] , but had not been confirmed by prior experiment [3, 10, 11, 15] . The inertial dynamics observed for a wide range of carrier density can be qualitatively accounted for with a classical Debye model where the crystal dynamics originate from a uniform softening of the phonon distribution. The crystal appears to soften slowly with carrier density following the rapid carrier dependent onset of softening, a conclusion in contrast with the predictions of theory and simulation. This analysis provides a means of extracting the shape of the potential energy surface from the time-dependent diffraction signal. These results further demonstrate the utility of femtosecond x-ray diffraction for characterizing excited state potential energy surfaces and ultrafast atomic dynamics.
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